Abstract Premixed laminar flat ethylene flames were investigated for nascent nanoparticles through photoionization mass spectrometry (PIMS). Using an atmospheric McKenna burner and ethylene air flames coupled to an atmospheric sampling system, within a relatively narrow C/O range two modes of these particles were found, which can be clearly distinguished with regard to their temperature dependence, their reactivity, and their ionization behaviour. Behind a diesel engine the same particles were observed.
Introduction
Soot particle sizes are reported to cover the wide size range between 2 nm and 10 µm [1] , corresponding to an atomic mass range between about 1000 u and beyond 10 10 u [2] . Only small particles consist of singular spheres, the so-called primary particles with typical diameters around 10 nm 1 and atomic masses around 500 ku. Larger particles are composed of chain-like aggregates of these primary particles. Particles between 2 and 10 nm are often referred to as nascent nanoparticles or soot precursor particles as they fill the gap between molecular precursors such as heavy PAHs and primary particles which are quite often characterized through their crystallinity [1], i.e. a feature clearly indicating their solid state character. The border between precursor particles and primary particles is still under debate. Instead of the 10 nm quoted above, values around 5 nm were recently derived from SAXS (small-angle X-ray scattering) experiments in flames [3] .
For the measurement of soot in the quoted large size range, many methods have been developed. Indeed, as early as 1973 Wersborg et al.
[4] discovered extremely small nanoparticles (diameters down to 2 nm) through electron microscopy of particles extracted from low pressure C 2 H 2 /O 2 flames by means of a molecular beam. Later on the same authors modified their apparatus to become a kind of mass spectrometer [5] and found charged particles with even smaller sizes around 1.2 nm. Subsequently, for a large variety of flame conditions nanoparticles were found using very diverse measurement methods such as UV extinction and fluorescence (D'Alessio et al. [6, 7] ), transmission electron microscopy, TEM (Vander Wal [8] , Dobbins [9] ) and laser microprobe mass spectrometry, LMMS (Dobbins et al. [10] ). Several new methods for nanoparticle measurement have been worked out more recently by researchers from Naples, including atomic force microscopy, AFM (Barone et al. [11] ), electrospray differential mobility analysis, EDMA (Sgro et al. [12] ), and size exclusion chromatography, SEC (Apicella et al. [13] ). Further progress with regard to differential mobility analysis (DMA) has been achieved through improved sampling techniques [14, 15] . This made it possible to reliably measure particle sizes down to 2.4 nm. Using these improved techniques, it could be shown behind sooting ethylene flames that under certain conditions particle size distribution functions (PSDF) are bimodal, with the two modes being separated by a "valley" around 6 nm [16] and this is very similar to the SAXS derived value quoted above. In this context, bimodality means that soot precursor particles are regarded as one mode and soot as the other. Minutolo et al. [17] have pushed the lower size limit of DMA even to 2 nm. Photo ionization as a method to cover the entire range from molecules to young soot was introduced by our group [18] , and it showed the existence of soot precursing nanoparticles as a species between PAHs and soot.
It has to be noted, however, that mass spectrometry is distinct from the other methods in an important regard. For mass spectrometry, the detection limit at the upper end of the mass or size scale is a restriction for the measurement of soot. For the other methods, by contrast, the detection limit for small sizes may be critical as to be demonstrated using particle measurement through combined extinction and scattering and DMA, respectively, as examples.
D'Alessio and coworkers showed in many papers (see, e.g. [19] ) that the amount of UV light scattered by a particle scales as D 6 (D diameter) and its UV extinction scales as D 3 . Measurement of these two observables allows therefore the deduction of D, provided the scattering can be measured with sufficient accuracy but this may be difficult for low D.
The other example is DMA which is well established for particle sizes beyond 10 nm. For the size region 2-4 nm, however, Minutolo and coworkers [20] could show that a significant drop of the instrument efficiency occurs which is caused by a severe drop of the CPC (condensation particle counter) sensitivity along with a size-dependent loss caused by diffusion. Furthermore, the ionization efficiency of the charger is also size-dependent so that a total correction factor of up to several orders of magnitude has to be applied to the measured particle concentrations. This clearly sets a lower limit to DMA instruments.
The situation is entirely different for mass spectrometers with a molecular beam inlet (MBMS). These instruments are used for gas phase analysis so that normally a mass range between 1 and several 100 u is sufficient. The extension of the mass range is easily possible by using time-of-flight instruments (TOF) as these spectrometers offer, in principle, an infinite mass range [21] . Through coupling photo ionization sources to TOF instruments effective ionization schemes for heavy PAHs and light particles up to some 10 ku [22] were developed. By applying suitable means to overcome the inertia of heavy ions along with postacceleration before detection, it is now possible to measure up to 1 Mu [18] . Obviously, for mass spectrometers the limitation is on the high mass side. This limit allows the measurement of primary particles, but not of mature soot. The region of nascent nanoparticles is completely covered. Very small nanoparticles can even be measured with unity resolution (R = M/ M ∼ 5000) for state of the art commercial instruments). This is important as it yields hints on structures [23] . The most relevant feature, however, is that gas phase spectra are furnished simultaneously (at least in principle) to particle distribution spectra so that formation mechanisms can be derived. This feature is unique to mass spectrometry and is unmatched by any other particle measurement technique.
There are, however, also serious drawbacks involved in flame mass spectrometry. Unlike non-intrusive optical methods it requires a sampling device. Even when the latter is carefully designed a disturbance of the flame can rarely be excluded. The other disadvantage is that sensitivities may be species dependent as well as mass dependent so that measurements in a wide mass range including many different species may be compromised. Some of these effects are to be discussed in the subsequent section.
For completeness, two other types of mass spectrometers suitable for particle measurement are reported. One of them is the PMS (Particle Mass Spectrometer) pioneered by Roth and coworkers [24] and refined at KIT, Karlsruhe [25] . This instrument uses "natural" flame ions. Their abundances and hence the sensitivity of the instrument are strongly dependent on the respective ionization potentials and on the temperature. In addition, mass separation is achieved exploiting the deflection of molecular beam ions through an electric field. This allows only a very moderate resolution so that measurements of gas phase molecules are impossible. The other instrument is the Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) as developed by several groups, among them Prather and coworkers [26] . These instruments make use of the so-called slip in a molecular beam, i.e. a mass dependent deviation between particle velocity and mean beam velocity. Particles can thus be characterized through their time of flight although this separation principle works only for heavy particles (>0.1 µm).
Generally, it can be stated that mass spectrometry combining gas phase and early particle phase detection is a valuable tool for monitoring nascent nanoparticles and their formation mechanisms.
The aim of this paper is to describe in the "Experimental" section the mass spectrometers used in this study along with a description of their drawbacks. The "Results" section reports data obtained in different experimental environments
